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Abstract "

T™i: report is a comprehensive reviaw of the metallurgical factors
pertinent to the production and testing of steel aircraft armor plate,

The development of alrcraft armor is summarized and the ralative

importance of types of steel aircraft armor plate is outlined.

It is shown that the degree to which homogeneous steel aircraft armor
resists penetration of armor plercing projectiles is dependent upon the toughness
of the plate material when heat treated to an optimum hardness for the given
ballistic condition. The optimum microstructurs for toughness is tempered mar-
tensite. Inhonogeneitiecs in the plate material lower the toughness, Suitatle
compositions for homogeneous armor are those which will quench out to full mar=-
tensite on the quenching treatment used and will perait use of tempering ter:era=
tures hign enough to avoid temper erbrittlement,

References to a number of World War II YAvestigaticns are used to show
that fece hurdened steél armor resists penetration by breaking up the projestile
and the plate's ability to break up a projectile is dependent upon a high face
hardnoss. It is suggested that there is an optimum face hardnass.,, It is also
shown that there is an optimum depth of hardening and an optimum back hardness
for a given test condition. carburized-armor. Pluramelt armor and 2s fet un=
developed composite armors are discussed briefly,

Finally it is shown that war time inprovemegts in quality are reflected
by higher speoification requirements. The possibilitiys of further improvemert
in hamogeqfous armor appsar *3 be limited, while it sesms reasonable to axpect

additional improvements in face hardened arvor,.
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In Noveunber 1946, the Carnogie-Illinois Steel Corporation ﬁndertopk
a coatract with the Naval Reseirch Jaboratory, Anacostin Station, Washingto..,
D. C. to conduct a study of steel aircraft armor improvement during the iorld
War II veriod. The specificaticns for the study set forth by the Naval Research
Laboratéry were as follows: .

‘\ 1, Summarize results of tests of experimental stesl aircraft armor
with caliber .50 A. P., 20mn A. P, and 20mm H, B, at Dahlgren, Va, pointing
out in the case of each group of tests what variables were under irivestigation.

2. After conferring with Army representatives as to experimental
steel aircraft crmor tests make a sumnary of what appear to be the most signifi-
cant Army results,

3. Discues the results of thsse tests. GiQe particzular attention
to variavles for which ballistic test results showed great sensitivity.

4, As completely as this survey and its incidentel studies permit,
1ist the investigation which might be expected to provide basic int‘orrr;.ation
necessary for additional steel armor improvement,

5, Prepare a report embodying (1), (2), (3) and (4) for submission
to the Naval Research Laboratory.

The authors' proposed method of study was submitted to the Naval
Rescarch Laboratory in outline form in February '1947. Since then, the authors
or their associates have visited the Navy Department Bureau of Ordnance and
Bureau of aeronautics, the Naval Proving Ground, the War Department Office of
Chisf of Ordnance, the Watartown Arsenal and the Naval Research Latoretory
in search of data and reports to be included in th; survey. Naturally, as in

any werk of this type, the authors must admit misgivings concernirg the
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percentage of data which may have escaped reviaew by their methods. Nevertheless,
it is belisved that all important phases of the mstallurgical design of steel
aireraft arior have been studied during the course of the survey and the findings
reported herein are generally supported by published referanoes. The sx;e;ttsﬁs
are a few instances where the authors have had to call upon their own expericunces
and knowledge of related products to establish a hypothesis or to analyze nor.=
integrated data. ‘

The authors wish to exprass their appreciation for the coopsrative
attitude shown by representatives of all of the afore mentioned agencies. Their
advice and aid in selecting reports for study and their help in making material

available greatly facilitated tho authors! work,

Js« M, Hodge, Research Associate
Carnegie-Illinois Steel Corporation
Pittsburgh, Pennsylvania

H. V, Joyce, Coordinator of Ordnance M.lerials
Homestead District Works

Carnegie-Illinois Steel Corporation

Munhall, Pennsylvania
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INTRODUCTION

I. Use o Aruwor in Alrcraft

%hile references to the use of armor plate in aircraft may he found
in the literature as far back as 1916, aircraft armor as it is known today is,
generally speaking, a development of the World War II period. Prior te Werli
War II, armor plate installed in airplanes was termed "thin armor™, "light
armor™ or "bullet proof steel" and was the same armor as that used on light
tanks and armored cars. Even as late as 1941 the services did not have a
specificaticn for aircraft armor. In that year, however, joiﬁt industry and
service committees were formed to develop higher quality armor and to establish
specificutions for procurenent of the same,

The airer.ft armor prcblem was not a simple one primirily because of
the limitaution of waight., Perhaps in no other application of armor is the
object of getting the greatest protection from the least weight of mere import-
ance than in the design and fabrication of aircraft armor. Pursuit planes
being built in 1941 carried but 200 pounds of armor plate and the latest mcdel
of the "Flying Fortress™ (the B17-E) had less than 2000 pounds of armor.

Had there been but one type cf attack against which proteotion was
required, the problem would have been somewhai simplified. Needless to say,
however, such was not the case, As well as anti aircraft fire from the ground,
head on, beam and rear attacks by enemy fighters against bombing planes were t2
bYe expected, Furthermors, enemy airplanes were lmown to carry several caliber
of guns loaded with several types ot ammunition. It was also reasonable to
assume that new types of armament and ammunition, of which our services were

not aware, could be encountered oa any mission,
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The design and installation of the armor itself also tended to

- complicate the problem. Since obviously the whole airplane or even the whole

* fuselage ccuid not be armor plated, *he linited amount of armor to be éarried
was distributed mostly within the cadin in a manner to afford protection to
each crew menber's station, An attacking missile therefore in many cases had
to pass threugh the fuselage skin azd various structural members before impact-
ing the armor plate. It wus discovered in early tests that as a projectils
defeats pri=ary obstacles such as the Duralumin skin and internal braces, it
is likely to be tumbled and its impact against the armor plate is unlikely to
be nose-on. A considerable umount of experimental work during 1941 wus based
on this fact., Various materials cf varying thicknesses were set up at varying
distances frcm armor plate in attempts to find an optimum combinantion and
arrangement cf materials. It was eventually determined; however, that the
value of ti;zring screens or yaw plates is doubtful since the fuselage itself
end interior parts in line of flizht of a grojectile impart sufficient yaw or
tumdbling action.(l)

It may be readily seen, therefore, that at least five different types
of attack had to ve considered in the design and installation of armor in air-
craft, The five atticks may be swi:arized as follows:

1, " Impact by armor piercing projectiles striking the armor plate
at norz=al ( perpendicular to the surface of the plats),

2, Impect by armor piercing projectiles striking the armor ¢
oblique angles,

3, Iapact by high explosive projectiles.

4, Impact by projectiles yawed or tunbled by prior impact ca

the airfrane skin or structural membesr,

(< 5. Inpact by fragneats o exploded shells,

(1) Bumbars in parenthesis pertain to references appendsd to this report, ot g
bl SR AN
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TY, Tvpes of Armor Plate Used in Alrcraft

In a survey of the literature preparatory to an investigation of light
armcr, the Naval Research Laboratory in 1935 reviewed work reported in Japan by
Horcda in 1720 sad 1933.(2) B-uda had reported thet of seven non-ferrcus macerials
investiguted, the aluminum alloy, Duralumin, on the basis of weight for welor+,
offered greutest resistanse to perforaticn by standard (.25 caliber) Japansss
armuniticn, Tests conducted at Watertcwn Arsenal, Aberdeen F:ovins Ground and
‘the Naval Research Laboratory in the period of 1934 to 1941 showed that under
various conditions Duralumin exhibited resistunce char;cte‘ *1¢s comparable
with those of steel, In the work performed at the Naval Research Laboratory,
Dowmetal was also used in comparisen tests, Sinmultancously there were conducted
many tests of face harcdenszd and rolled homogeneous steel armcr of thi:knzsses
feasible for use in aircraft, but, generally, the results were of interest only
insofar as they served to answer some immediate problem. Laminated plastics
wera alsu sested and found tc have merit under certain limited conditions,

In February 1943, the Watertown Arsenal Laboratory wes authorized to
prepare a substantially informative report to give data usable in armor design.
In this task an attempt was made to collate, integrate and analyze available
data on the characteristics of the various armor plate materi;ls. The report,
prepared by J, F. Sullivan, was published early in 1944.(3)

After a review of the data available, Sullivan narrowed his study to
face hardaned stesl, rolled homogeneous steel (340-380 BHN), Duralumin and
Dowmetesl. In his final report, Sullivan reviawed how factors affecting the
manner of failure of armor explain the alternative superiority of different
materials under different conditions of attack, 1t was pointed out that x'iere
the lower density of a material allows its use in thicker secticns without

additional welght, dimensional conditions arise favoring the ability of such

-3-
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B material to resist perforation, Thus Duralumin which is -only 0,36 timas as Jense
as 3tezl mny cvermatoh an attacking prcjectile vhile an equivalent weight of steel
may be overmatched by the same projectile. Under such conditions, it is possible
that the stesl will require lcse pgicjsstile onergy to bring about failure, !
Figure 1 (copied from Sullivan's report) iilustrates: (1) how a difference ia i
thickness of different meterials of equal weight results fr$m their variant X
densities, (2) the necessity of using a greater area of armor obliquely cmplaced i
to protect a fixed area normal to the line of fire and (3) how a vuriation in
the ratio of plate thickness to projectile core diameter tends to influence
the manner in which plate failure will occur,

Sullivan's observetions regarding the relative merits of i fferent
materials studied are quoted verbatim below, The reader is reminded that the ,
report from which the conclusions are quoted was prepared in late 1943, In view 5 :
of the fact that improvement of aircraft armor continued after this date, it is -
pos;ible that some of the observations may no longer hold true,
1. "Undor no contemplated conditions will the use of roiied
homoge:tecus stecl or Dowmetal assure the maximum resistance (to psrfcration

by small arms projectiles) por.unit weight employed,®

S - oM. -

s, "In genoral, when the obliquity of enplacement with

B s e

respect to the anticipated line of fire is greater than §2°, o, when the
ratio of plate thickness {weighed) tc projectile core diameter is less

than 0,6, the use of 24ST Duralumin #ill assure maximw resistunce (to

FRNEAS s, T -

perforation by small arms projectiles) per unit weight employed,®

oy

b. "Under all other conditions, the use of face hardened

steel armor will assure maximun resistancs to perforation,” (S~e Figurs 2)

*

. ‘ 2, "Undor some conditions, the resistance (to shock) of roiled
s . |

homogenaous steel armor is supericr to that of face hardened steel," !

4w
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plate is currently veling made by the Naval Research Laboratory.

two main types of steel urmor recoive no further mention in the roport, Non=-

3. "Except in the case of attack by direct impact of high
explosive projectiles, the shock resistunce of 24ST Duralumin is equivalent
+o or better than that of steel,”

4, "Coinoident with failure by perforation of armor pieroing'
projectiles, 24ST Duralumin exhibits a tendency-toﬁard spalling,”

§. "Low temperature enhances the resfﬁtance to perforation of
24ST Duralumin, rolled homogeneous steel and face hardened steei,"

6. "Although low temperatures may affect deleteriously the shock
resistance of steel, they apparently do not lower the shock resistance of
Duralumin,®

7. "Inasmuch as it is ccnsidered that resistance to perforation
is of prime importance in any considergtion of aircraft armor, design
may well be based on observation 1,

8. "The most strategic placewent of armor will vary from time
to time with tactics of the opponents und contemporary design may be:t

be decided on the basis of study of the very latest intelligence roports

A 20

from the theaters of operations,”

9, "Under attack of projectiles of larger culiber, or different
design or quality, the region of superiority of 24ST Duralumin over face
hardened steel may be expscted to be extended."

i
. i

It is apparent by now that the term "airoraft ermor™ is a generic one

covaring_difrerént types of stsel armor plate as woll as different types of non=
ferrous armor plate, A roview of the non-ferrous types is not within the scope

of this study, it being understood that a similar study of these types of armor

)
At this poiut it may be well to mention why some special kinds of the

[T N
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magnetic steel urmor, which falls under the homcgeneous type , was found to afford
80 muchnlowér resistance than magnetic steol armor that a review of i4s ballistic
characteristics has bscen considered to be of little value, Furthermore, much

of the demand for non-nagnetic armor, conce recessary, passed with more effaciive
shielding of aircraft instruments. Likewise, although much work was done in
attempts to develop a laminated or "sandwi:h" kind of fuce hardened armor, in
general on a basis of weight for weight; the ballistic qualities of sush armor

were inferior to those of solid face hardened steel armor,

III,. The Manufacture of Steel Armor

While certain cast steel armor sections are used on tanks, the
relatively lighter gauges of aircralt armor precludes the use of castings for
this application. As far as is known, all steel aircraft armor was and sfill
is processea bty rolling, Details of the manufacturirg prccesses cf course Var}
from company to company dspeuding nore or less on the tncil;tzes.availablso
Both cpen hearth and electric furnace melting practices have besn used with
success, .

Little information regarding steal raking and roliing practicss is
found in published reports. Certa‘u logical assumpticns can be made however,
Becauze clean stoel is inperative, melting practices must be held under rigid
control from seloction of the scrap charge te tappiné. Ingot mold desiym 1s
nlso an important factor affectirg scundness of the finished armor plate, Sinose
the ability of steel armor to resist shock depends to some extent on the absence
of directional properties, the manner in wnich a plate is'rglied takes cn adled
importance,

Cleanliness, soundness and luck of directional properties are
prersquisites for high quality steel aircraft armor. The same characferistiol
may also be prerequisiias for other products which still would rot be

-6~
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interchangeable with armor. The distinctive features of armor plate ars inpurted
to the sisel by heat treating the rolled plates, Starting some time befcore iorld
viar 1I, the heat treatrment of steels began to assume a more scientific aspect.
The apcunulated knowledge of physical metallurgy was naturally applied to t“:a
sroduction of steel aircraft armor during the war years, The experiments with
refrigeration treatments to accomplish complete transformation of the face on
face hardened armor serves to illustrate the degree to which mstallurgical science
was used. The use of the metallurgical microscope, micro~hardness testing equip-
ment, impact test machines wu..! other laboratory tools to test and investigate the
results of heat treatment attosts to the control exercised over the treating
processes, . ‘

It is in order to mention that the intense application of motallurgical
science to the production of sircraft armor came about through completa cooperw-
ation between the producers and various government agencies, The Armor and
Projectile Laboratory and Light Armor Battery at the Naval Proving Grouzd, Dahlgren
Va., the Watertown Arsenal Laboratory and the Armor Branch of the Ordnance Research
Cen 2r at tho Aberdcen Proving Ground all contributed greatly to the i-:rovement
of aircraft armor., Valuable assistance was also had from such laboratories as the
Battelle !femorial Institute through projects conductud by the War letallurgy Com=
nittee of the National Defense Research Council,

Much of the interest of the last named agency above was directed toward
development of low ;lloy steel armor in an effort to conserve strategic materials, ;
#aile the results of such projects were not too fruitful where -~teel aircraft

armor was concerned, considerable knowledge concerning hardenability, heat treaating

&
and welding of steel armor in goneral was made available to armor producers through,}
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the projects. P
w
&

oTe

o



\ s
i
t -
- .‘ - - -
4
#
'
'
s 3
o
¥
. H
.

PART 2
HOMOGENEQOUS AR ICR
#*

Ry

%
1
4
¥




HOMOGENEOUS ARMOR

Fundamentals

I. The Effect of Hardness

[
The resistance of homogenecus armor to penetration by a brojeotile,

depends, of course, upon the plate's ability to absorb the kinetic energy of

the projectile, This energy is absorbed almost entirely by plastic low of

the plate material, and homogeneous armor, therefore, diffars from face
hardened armor 1; that it is designed primarily to permit a maximum energy
absorption from pl{stii flow of the plate material without necessarily eny
deformation of the projectile, while the resistance of face hardened armor is
dependent primarily upon its ability to deform or break the projectile and the
absorption of energy by plastic flow is a secondary considsration,

This energy absorpéion by plastic flow is a function of both the
hardness and ductility of the homogeneous armor material, It must have a
relativoly high hurdness, in order that the plastic flow may occur at a high
energy level, and it nust h;ve a high ductility in order that plastic flow may
continue to large strains prior to fracture. This combination of high hardness
and high ductility is commonly referred to as toughness }nd this attribute is
the prime requisite’ for successful homogeneous armor. All of the metallurgical
factors to be discussed in this part of the report and the research and develop=
ment work to be described and proposed are, therefore, primarily aimed at the
atiainment of armor with optimum properties in respect to toughness,

Toughness;'however. as described above, involves a combination of
hardness and ductility and these two proportics are not entirely compatible, as
in general, the ductility tends to decrease as the hardness increases., Further=
more, the plaatic flow behavior and therefore the ductility is markedly affected

by external conditions such as the direction and magnitude of the applied

8=




stresses, the rate of applicatica of these stresses end the temperaturs, Thns,
in order to maintain an adsquate ductility to insure high energy abs:splics hy
plastic flow, it may frequently be necoessary to restrict the hardness rargs t«
‘& value consistent with the parficular set of external conditions which are
impesed,

This is illustrated by Figure 3 which depicts the ballistic prcpe:tis=c
of a single plate material, hout treated to a series of hardnass values, and
tested under two different ballistic.oonditiona.(4) It will be noted that rhe
.50 caliber testing indicates an increasing resistance to penetratiocn with
increasing hardness up to a certain limiting hardness, Leyond which the rare=
tration resistance rather abruptly decreases, This is the characteristic
pattern of the relationship between penetration resistance und hardnecs,

At hardness values below the limiting hardness, the benuvior 13
completaly ductile; the plate material is simply pushed aside by the pro;ectils
snd cn complote penetration ordinarily no plate matorial is lost, The anergy
absorption is entirely Ly plastic flow end the paenetration rcsistance is
dependent largely upon the stress level at which this plastic {low cccurs ;
which is determined by the hardness,

At hardness vaiues which are above this limiting value, hovever,
the behavior is no longer conmplsetely ductile, At these higher hardrasses the

“plastic flow is docidedly restricted and plate naturial may be lost by sralling
during a complete penstration. This limitation of the plastic flow results,
of course, in a lower energy absorption and ;he ponetration resistance corres-~

pondingly decronses,
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This limiting hardress for a given material and set of testing
conditions is known as the optimum hardness and represents, as just described,
8 critical toughness value, Furthermore, the ballistic performance at this
optimum hardness is primarily determined by the toughness of the plate material,
This implies that homogenseous armor improvement studies should be concernad
primarily with the factors governing toughness and that the results of such
studies can be quantitatively evaluated on the basis of ballistic testing at
optimum hardness for the given ballistic conditions with the assurance that
factors so evaluated will apply qualitatively to other ballistic ccnditicns,
This viewpoint considerably simplifies the planning and execution of such

studies,

II., Effect of Ballistic Coxndlitions

As nmentioned ebove, thae apparent ductility is affected by the pattern
of the co:-hined apylied streszes, by the rate of application of those stresses
and by the temperature, The éeneral effect of combined siresses is to decrease
the ductilit& or to qecrease the maximum strength level for ductile behavior,

For =vample, a material which behaves in a duciile manner in simple tension may
bsha: in a brittle manner when a restraint is imposed in the transverse
dire .on so that it is subjected to biaxial tension,(5)

The pattern of the combined stresses applied to the armor is largely
det. aed by two factors: (1) The ratio of the thickness of the plete to the
dis:  r of the projectile, (customarily designated as e/d) and (2) the obliquity
or .. angle of attack (custcnarily dosignated as @), The ballistic behavior,
and the optimum hardness for maximum penotration resistance is markedly affected
ty these factors. The general effect of decreasing the e/d ratio {increasing the

size of projectile attacking & given plate) is to decroase the apparent ductility

.
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or to decrease the optimum hardness. The general magnitude of the effect on
optimu+ hardness is illustrated in Figurs 4 taken from the work at the Naval.
Proving Ground under Technical Project No. 79.(4)
Te effect of increasing the oﬁliquity is likewise to decreass the \f i

i
ductility or optimum hardness. Thus, & much harder plate would be used to ©

-

resiet e normal attack than would be used for attacks at 30° to 40° obliquity.?f

This effect has not however been qdanti£atively evaluated to the sasme extent 2;

as the effact of the e/d ratio. ‘
. The general effect of increusing the rate c¢f loading is also to

decrease the ductility. This i3 however, very difficult to evaluate as the

striking velocities are so closely interrelated with the other variables,

e/d and obliquity, that it 1s vary 21fficult to isolate the velocity effect

itself. This effect has nevertheless been used by the Naval Research Laboratory

to evaluate armor compositions and metallurglcal factors. The N,R.L. test is

known as a "{inger tesi™ and involves shooting off a stundard notched sample

or "finger" as in an Tzod impact test but using a blunt projectile from a

.50 caliber gun to furnish the impact., The results are evaluated in terms

of the limit velocity required for coaplete fra:*ure and it is found that

inferior materials fracture in a trittle ma:- - a relatively low velocity

on this test,

Ductility is also decreased by lowering the tenperature. In fact it
is now a common practice to dasignate ductility in terms of the temporature at
which the fracture behavior changes from ductile to brittle on a notched impact
test, This furnishes an indication of the effect of temperature on ductility
undsr combined stresses and, while it camnot ba correlated directly with armu-
parformance, it doss furnish a much better comparative evaluation than the

we  CONFIDENTIAL

room temperaturc impuct values alene,
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The effact of temperature cn ballistiz perfor.ance can bLest be
illustruted by the tests carried out at Camp Shilo, Canaca in Januiry and
February of 1943. Hono:zsasous armor plutes in thicknessos of 1%, 1-1/2% aod 2%
were testod at Caxp Shiloh at temperaturas of from =15° to =35° F. Hanyepln:s;
wiiizh perforned satislacterily on room temverature tests, cracked cr sprlied
on the 3pecification shack test at thase lower temperatures.

At this point it shculd be mentioned that since most of the
experimental work and acceptince testing of aircraft armor has besn based on
ballistic tests with arnor piercing projectiles at ncrmal obliquity, nost of
the ballistic results guoted and referred to in this report are on this tasis
although in service otlique attazk or attacks with high explosive projectiles
are nuch mora probable than this rcndition. With the viewpoint expressad in
the section cn the e’fect of hardness in mind, hecwever, this is not as serious
as it might at first se~m. As pointed out in that section, the ballistic bae

havior at optinum hardnecz is prirarily dependent upon the toughnass of *us

. blate matarial for any given set cf ballistic conditions and the factors

geverning teoughness cun thersfore be evaluated in %arns of ballistic properties

under the conditions of a normal attack with an sricr piercing projectile with

- the assurance that the same factors will :overn the %shavicr undar oblique attack

ar ettac’es Ly high explosive projoctiles, The cptimum hardness, to be sure,
~311 very with the tallistic conditions and it will te obvious from this suviary
trat further work is needed to establish these optimum ranges for the various
ballistic conditions. The factors governing toughness, hcwever, which ars the
Cundamental answers which will apply to the ballistic performance of hoxnogen~
eous armor regardless of the ballfstio conditi-is can be satiafactorily
ovgluated or the basis of these ballistic tests at optizum hardness with armor
piercing projactiles o rormal cbliquities and such an evaluation 1g the primary

aim .of homogenecus ar~or i-provement studies,

12~
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Metallurgical Factors

I. General

ihe principal metallurgical fuctors affecting the performance of
homczeneous aircraft armor ares (1) microstructure, (2) heat treatment,
(3) composition and (4) homogeneity, These are all interralated and their
effects are often difficult to {solate either in practice or in discussion.
For example, the choice of a composition involves consideration of its hard-
enability or its ability to give the desired microstructure, of its effect on
the tempering bshavior and on temper brittleness and finally of specific effects
of the zarbon content and alloying elements, In addition, the "cleanliness™
or freedom from non-metallic inclusions may be influenced by the compositicn,
Thus, all of the other variables, microstructure, heat treatment and homo-
geneity —ay be involved in the choice of a composition or in considering the
effects of compdsiti;n. In general however, the primary variable is micro-
structure and the other factors may be considered as modifying the properti-s

or the performance of steels of the optimun microstructure,

IX. The Effect of Microstructure

A. Pure Microstructures - Tempered llartensite, Bainite and Pearlite
The optimum microstructure for homogeneocus armor is tempered martensite,
Its superiority has been established beyond doubt both on the basis of ballistic
performance and mechenical and impaoct properties. This is illustrated in
Figure § taken from the work of Queneau and Pellini at the Naval Proving Ground.(e)
This shows the comparative impact properties as u function of the testing temper=
ature for the sane steel, hLcat treated to tompered mairtensite, bainite, as formed

at 600° P, and pearlite, as formed at 1100° F. The tempered martensite ard bainite

“13-
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